Calcium-binding photoproteins have been discovered in a variety of luminous marine organisms [1] . Recent interest in photoproteins from the phylum Ctenophora has stemmed from cloning and expression of several photoproteins from this group [2] [3] [4] [5] . Additional characterization has revealed unique biochemical properties found only in ctenophore photoproteins, such as inactivation by light. Here we report the cloning, expression, and characterization of the photoprotein responsible for luminescence in the deepsea ctenophore Bathocyroe fosteri. This animal was of particular interest due to the unique broad color spectrum observed in live specimens [6] . Full-length sequences were identified by BLAST searches of known photoprotein sequences against Bathocyroe transcripts obtained from 454 sequencing. Recombinantly expressed Bathocyroe photoprotein (BfosPP) displayed an optimal coelenterazine-loading pH of 8.5, and produced calcium-triggered luminescence with peak wavelengths closely matching the 493 nm peak observed in the spectrum of live B. fosteri specimens. Luminescence from recombinant BfosPP was inactivated most efficiently by UV and blue light. Primary structure alignment of BfosPP with other characterized photoproteins showed very strong sequence similarity to other ctenophore photoproteins and conservation of EF-hand motifs. Both alignment and structural prediction data provide more insight into the formation of the coelenterazine-binding domain and the probable mechanism of photoinactivation.
Introduction
Bioluminescence has been observed in many marine taxa [1] . In most organisms, light emission occurs via oxidation of a luciferin catalyzed by a protein intrinsic to the organism, not involving bacteria. When the protein coordinates with the luciferin first, and then requires the addition of a cofactor for light emission, the term ''photoprotein'' is used [7] . In cnidarians and ctenophores, divalent calcium ions bind to the photoprotein, inducing a conformational change that triggers oxidation of the bound luciferin coelenterazine, which subsequently leads to light emission. Several cnidarian genes encoding photoproteins have been cloned, expressed, optically characterized, and adapted for functional applications [8] [9] [10] [11] [12] [13] . More recently, the first photoproteins from ctenophores have also been cloned and characterized [2] [3] [4] [5] . These recent investigations have revealed that ctenophore photoproteins have previously unobserved biochemical characteristics, most notably their sensitivity to light.
This sensitivity to light, also described as photoinactivation, is characterized by the loss of luminescence activity upon exposure to light. Photoinactivation of photoproteins was first described in purified native photoprotein from the ctenophores Mnemiopsis (''mnemiopsin'') and Beroe (''berovin'') [14, 15] , and was also observed in recombinant Beroe photoprotein [4] . However, to date there has been no investigation focused on understanding the relation of this unique property to the unique elements in ctenophore photoprotein peptide sequences.
Here, we report the cloning of a photoprotein from the deep-sea lobate ctenophore Bathocyroe fosteri (BfosPP) using a novel bioinformatic approach. Characterization of recombinant BfosPP revealed that its optical characteristics match those of the native photoprotein in vivo, and shares the photoinactivation property found in ctenophore photoproteins. Computational prediction of BfosPP structure provides a more complete understanding of ctenophore photoproteins and insights into the nature of photoinactivation.
Materials and methods

Preparation of cDNA, sequencing, and cloning
Live B. fosteri (Fig. 1A) were collected between 450 and 600 m depth in Monterey Bay using remotely operated vehicles, and dark-adapted for bioluminescent images (Fig. 1B ) and spectral measurements (Fig. 1C) . RNA was extracted from frozen tissue using the RNeasy kit (Qiagen) and used to make cDNA libraries as previously described [16] . This material was used for 454 sequencing (Duke University). Four hundred and fifty four shotgun reads were assembled into contiguous sequences using the de novo assembler NEWBLER (Roche) and uploaded onto a local BLAST database for homology-based searching. Berovin (GenBank Accession# 2HPK_A) and mnemopsin (GenBank Accession# ADD70248) amino acid sequences were used to search for photoprotein-like sequences. Primers with cloning restriction sites were designed to amplify photoproteins found in assembled contigs. Forward primer with XhoI restriction site 5 0 -CCT CCT CGA GAT GCC TAT TGA and reverse primer with NotI site 5 0 -CCT CGC GGC CGC TTA GTA TTT (IDT). First-strand cDNA synthesized from RNA served as the template for PCR and subsequent cloning into an expression vector described here [5] .
Expression and purification from E. coli cells
Sanger sequencing confirmed full length in-frame clones. Apophotoprotein (photoprotein lacking bound coelenterazine substrate) was expressed and purified as previously described [5] . Each step of purification was analyzed by polyacrylamide gel electrophoresis under denaturing conditions.
Luminescence activity and spectral analysis
In vivo bioluminescent emission spectra were captured using an Ocean Optics QE65000 spectrometer with the attached fiber optic positioned exactly on the ctenophore upon mechanical stimulation. The Ocean Optics program SpectraSuite was used to collect the emission spectra.
The following conditions were used for luminescence assays: to load the protein with coelenterazine (''regenerate''), purified apophotoprotein was added to 50 mM Tris-HCl buffer pH 8.5 with 450 mM NaCl, 5 mM EDTA (Ambion), and 1 mg/1 ml coelenterazine in DMSO (Fisher) and incubated at 4°C for 16 h in the dark. To determine the optimal pH for regeneration, this protocol was repeated for buffer adjusted in 0.5 increments using 10 N HCl over a range of 6.5-10. To measure activity, 200 mM calcium acetate (Fisher) pH 6.8 was injected into aliquots of regenerated photoprotein and luminescent intensity was recorded with a custom-built photomultiplier-tube-based integrating sphere operated with a custom-built LabView user interface. Luminescence spectra were measured using a Roper Scientific back-illuminated CCD camera mounted to an Acton/Princeton Instruments SpectraPro monochromator. Emission spectra were collected using WinSpec software and exported to R where data were normalized and graphed using a spline curve-fit analysis. Protein absorbance was measured using 1 ml UV-transparent plastic cuvettes in a Tecan Infinite 200 plate reader.
Photoinhibition assays
Regenerated photoprotein was aliquotted into a transparent 96-well plate on ice. Initial luminescence production was measured without prior exposure to light using a custom-built integrating sphere. The photoprotein was then exposed to light from LEDs emitting at maximal wavelengths of 254, 302, 365, 407, 462, and 640 nm with bandwidths between 2 and 10 nm. Triplicate time increments were obtained for each wavelength. The integrated luminescence emission was used for analysis. Prior to each assay, the amount of energy per cm 2 of each excitation source was measured using a digital power meter (Newport Instruments). The number of photons per second for each wavelength was calculated and reported in Fig. 3 .
Bioinformatic analysis
Sequences from previously cloned photoproteins were retrieved from NCBI using the following GenBank accession numbers: Clytin-I AB360787, Obelin U07128, Mitrocomin L31623, Aequorin (A. victoria) AY601106, Aequorin (A. coerulescens) AY236998, Bolinopsin CS447621, Berovin CS050690, Mnemiopsin-1 GQ231544, Mnemiopsin-2 GQ884175. Full-length coding sequences were translated and aligned using MAFFT with BLOSUM62 scoring matrix [17] . Conserved EF-hand motifs were identified in BfosPP by searching with the Pfam database (http://pfam.sanger.ac.uk/).
To estimate the best-fit model for the photoprotein gene phylogeny, we used the likelihood ratio test to determine the optimal substitution model. Likelihood scores were generated using PAUP ⁄ version 4.0a125 [18] and values for HKY85 + C + I served as the null hypothesis. Scores were compared by hand. The best fit model was TN93 + C, a sub model of GTR + C, where C = gamma distributed rates across sites. Trees were then constructed using PHYML plug-in [19] for Geneious Pro version 5.5.6 and 1000 bootstrap replicates were computed. In the final unrooted tree, only nodes showing support greater than 50% were labeled.
For protein structure analyses, the full-length amino acid sequence of BfosPP was uploaded to the I-TASSER server online platform (http://zhanglab.ccmb.med.umich.edu/I-TASSER/) for both 3-dimensional structure and ligand-binding site predictions [20, 21] . Models with highest confidence scores were downloaded as PDB files and analyzed in PyMol v.1.3 viewer.
Results
Identification of photoprotein sequences and expression
A total of 67894 reads of ''Titanium'' 454 sequencing were assembled into 8241 contigs with an average length of 300 base pairs after trimming. BLAST searches of assembled contigs using both berovin and mnemiopsin-1 as queries identified one contig with a full-length open reading frame of 206 amino acids. We have adopted the naming scheme presented in [5] to naming this protein BfosPP, where ''Bfos'' refers to the genus and species, and ''PP'' indicates a photoprotein. When its peptide sequence was aligned with those of other known cnidarian and ctenophore photoproteins (Fig. 2) , BfosPP showed highest amino acid sequence identity to mnemiopsin-1 at 78.6% and the lowest to aequorin at 43%. The amino acid sequence for Aequorea green fluorescent protein was also used to query Bathocyroe contigs, but no significant matches were found. Recombinant BfosPP was expressed in E. coli as soluble protein with an N-terminal 8-histidine and maltose binding protein (MBP), and subsequently cleaved using TEV protease to release untagged apoprotein with a single glycine residue preceding its N-terminal methionine.
Characterization
Determination of luminescence activity and spectral analysis
Once live B. fosteri were dark adapted, they produced bluegreen light along their radial canals upon mechanical stimulation (Fig. 1B) . If live animals had been previously exposed to ambient light, they did not luminescence. The in vivo luminescence spectrum taken from a live dark-adapted individual had a peak wavelength 493 nm (Fig. 1C) , which is at the high-wavelength end of the 30 nm range previously reported [6] . Spectra for recombinant BfosPP regenerated and measured in buffer of pH 8, 9, and 10 varied only 9 nm from shortest to longest wavelength (480-489 nm). Relative intensity was normalized in order to compare only differences in color with regard to pH. These observations clearly show the luminescence signal to be green-blue; however, there was no ''shoulder'' observed in these spectra characteristic of fluorescent proteins.
BfosPP exhibited the highest luminescence intensity when the regeneration environment was pH 8.5 ( Fig. 1D ) and when the buffer contained NaCl concentration similar to molarity of seawater (500 mM; results not shown). Between pH 7.5 and 9.5, the blue flash after calcium addition could be seen by eye. At pH 7.0 the intensity was too weak for the spectrometer to read.
We analyzed the absorbance spectra for three forms of BfosPP: purified photoprotein without coelenterazine (''apoPP''), photoprotein incubated with coelenterazine (''charged PP''), photoprotein after calcium has been added (''dis-charged PP), and that of coelenterazine (Fig. 3E) . The peak at 280 nm was seen in each sample as is characteristic of aromatic amino acids found in proteins. A second major absorbance peak at 350 nm, corresponding to coelenterazine, was observed in the spectrum of charged BfosPP, but not of apo-BfosPP, indicating that the recombinant protein had indeed been successfully loaded with the coelenterazine substrate.
Photoinactivation assays
Following previous work suggesting that unlike those derived from cnidarians, ctenophore photoproteins are inactivated when exposed to light [14, 15] , we analyzed activity of coelenterazinecharged BfosPP after irradiation by individual wavelength bands across the UV and visual spectrum. BfosPP activity decreased over time across all wavelengths of light tested, except red light at 640 nm (Fig. 3A and B) . The rate of inactivation differed between wavelengths: Luminescence activity was almost gone ($1% remaining) after 20 min of exposure to the two shortest wavelengths 302 and 254 nm compared to 407 nm where of 8% of original activity was observed after 60 min of exposure. Only the 407 nm-and 640 nm-exposed samples still produced light after 100 min, while all other samples were completely inactivated. Intensity of each LED was calculated to be the same order of magnitude (Fig. 3) .
Bioinformatic analysis 3.3.1. Sequence analysis
We aligned BfosPP to photoproteins that have currently been cloned from cnidarians and ctenophores (Fig. 2) . Pfam identified three EF-hand motifs which are highly conserved in photoproteins and responsible for the characteristic helix-loop-helix structure found in many other calcium-binding proteins [22] . Within the canonical EF-hand motif, there are twelve residues that form the calcium binding loop (highlighted in the alignment) and positions 1, 3, 5, 7, 9 and 12 are usually aspartic or glutamic acid, while glycine is the 6th residue. Analysis of BfosPP reveals one interesting substitution not conserved in other ctenophore or cnidarian photoproteins. In EF-hand I, methionine replaces a glutamic acid present in all other ctenophore photoproteins (except mnemiopsin-1, in which threonine replaces the acidic residue). The net charge for all three EF-hands remains negative and probably not entirely disruptive. However, this substitution could be responsible for a weakened affinity to the calcium ion.
Amino acid residues involved in coelenterazine binding have been confirmed for aequorin [23] and obelin [24] but not yet for a ctenophore photoprotein. Binding residues from cnidarian photoproteins align to hypothesized residues for ctenophores ( Fig. 2) showing conserved hydrophobic amino acids that may form the hydrophobic binding pocket. Between ctenophore and cnidarian photoproteins, four positions in the putative coelenterazine-binding pocket display non-conservative substitutions. Two of these substitute hydrophobic amino acids for positively charged histidines found in cnidarian photoproteins, while the other two replace methionine and tryptophan (found in cnidarian photoproteins) with arginine and asparagine, respectively, leading to conservation of both net hydrophobicity and charge in the binding pocket.
Photoprotein phylogeny
The photoprotein phylogeny was constructed using the fulllength alignment of ten known photoprotein sequences (Fig. 2B) . In this unrooted tree, genes from each phylum group together with strong branch support (100%) and branch lengths suggest these groups are highly divergent. Within the ctenophore clade, there is moderate bootstrap support for bolinopsin clustering with berovin (76% support) instead of with the Mnemiopsis genes (64%). Interestingly, BfosPP branches outside the other ctenophore genes with very strong support (100%). The cnidarian photoproteins are also not monophyletic but exhibit much stronger branch support for each clade compared to the ctenophores (Fig. 2B) .
Structure and binding-site predictions
The top five structural models returned from the I-TASSER server had the best C-score of À1.12 and the lowest of À2.77. This score (typically from À5 to 2) represents the quality of each model where a higher score means higher confidence in the predicted model. The estimated accuracy of the top model was 0.57 ± 0.14 (TM-score) and 7.8 ± 4.4 Å (RMSD). Both are standards for measuring similarity between the predicted model and a native structure. TM scores above 0.5 signify model has correct topology whereas values less than 0.17 could mean random similarity. The top five best threading templates were obelin (PDB:1jf0), berovin (2hpKA), calmodulin-like protein (3kheA) and calexcitin (2ccmA).
Amino acid residues predicted to bind to the ligand C2-hydroperoxy-coelenterazine were reported by COFACTOR, the functionpredicting algorithm implemented in I-TASSER. Aequorin (PDB: 1ej3) served as the template protein with a C-score of 0.24 and in this case, scores range from 0 to 1. Many of the predicted binding residues overlap with those originally hypothesized based on primary sequence alignment.
Discussion
Characterization of recombinant Bathocyroe photoprotein
Currently, only five calcium-activated photoproteins from four species of ctenophores have been cloned and expressed, including the first photoprotein from B. fosteri reported here. With this recent addition, it is clear that photoproteins derived from ctenophores are biochemically distinct from the cnidarian photoproteins. We determined the optimal environment for coelenterazine binding and calcium-activated luminescence in BfosPP to be pH 8.5, with salt concentration similar to ocean molarity (500 mM). These conditions are similar to the natural environment of Bathocyroe and to those published for berovin [4] and mnemiopsin-1,2 [2, 3] . They differ markedly from those of cnidarian photoproteins, whose activity is highest at pH $7.0 and without salt [7] .
A previous study collected emission spectra from 18 B. fosteri and found substantial variation (459-492 nm) [6] . Our spectra were measured from only two animals, but in both cases the maximum emission wavelength was 493 nm, the high end of the wavelength range previously recorded. This indicates that unlike cnidarians such as Aequorea victoria, wavelength variation in the luminescent emission of the ctenophore B. fosteri is not caused by energy transfer from its photoprotein to an associated fluorescent protein. Instead, this wavelength variation could be partially explained by changes in the pH of the microenvironment within the photocyctes (light-emitting cells), since we also observed the emission spectra of recombinant BfosPP to be slightly blue-shifted at lower pH. In this study, we were not able to measure luminescence spectra below pH 8.0 due to the lower luminescence intensity of the photoprotein in that pH range. However we speculate that within the photocytes, the native photoprotein may be stable at lower pHs due to components in the cellular environment not replicated under our in vitro experimental conditions, enabling the emission spectrum to shift toward shorter wavelengths while maintaining high luminescence activity.
Photoinactivation
Rapid inactivation of coelenterazine-charged BfosPP by UV-and 462 nm light matches results for native mnemiopsin reported nearly four decades ago [15] . In that study, inactivation was attributed to the absorption of coelenterazine, while our results suggest that it is mostly caused by UV-absorption by the protein. The absorbance spectra for all three forms of BfosPP have the same UV-absorption peak at 280 nm corresponding to the protein, as well as a 345 nm peak corresponding to coelenterazine for all but the apophotoprotein. We have also observed that when apo-BfosPP is exposed to light, activity is not diminished if it is subsequently regenerated with coelenterazine in the dark. These results suggest that the apoprotein itself is not changed by light exposure, but rather that light exposure alters the conformation of coelenterazine in the binding pocket such that the protein is unable to emit light. Alternatively, excited state energy from UV photons absorbed by aromatic amino acids proximal to the bound coelenterazine may participate Förster resonance energy transfer to the coelenterazine, leading to photo-oxidation. Consistent with both of these hypotheses, the photoinactivation reaction was found to be reversible when recombinant BfosPP and native purified photoprotein were re-incubated with coelenterazine.
Anctil and Shimomura [25] discuss the mechanism of photoinactivation in Mnemiopsis and suggest, based on the narrow pH range of activity, that binding of coelenterazine is dependent on a highly ionizable group. They found that oxygen was needed for coelenterazine to bind and regenerate photoinactivated native purified mnemiopsin [25] . They propose that light splits both coelenterazine and oxygen from the photoprotein, inactivating coelenterazine in the process. Our results are consistent with this hypothesis since we did not observe a coelenterazine absorbance peak in the spectrum of photoinactivated BfosPP (results not shown).
Structure and sequence analysis
I-TASSER uses multiple solved structures as templates to generate predicted structures of input peptide sequences based on primary sequence alignment and secondary structure prediction. Since only one crystal structure is known for the group of ctenophore photoproteins, I-TASSER used other known photoproteins and calcium-binding proteins. The structural model predicted for BfosPP is similar to other photoproteins despite the differences in primary sequence. Ctenophore photoproteins are divergent from cnidarians, with the substitution rate along the dividing branch close to saturation. However, both groups have evolved the same overall structure and oxidize the same substrate. Interestingly, BfosPP does not group with the other lobate ctenophore Bolinopsis infundibulum, which is found at similar depths in the ocean. In fact, BfosPP is most similar to mnemiopsin-1, from another lobate ctenophore found in warmer shallow water. A single-gene tree of only 5 sequences is not enough to clarify these differences, but more sequence information from a variety of ctenophores may provide better insight into the evolution of these proteins.
Interestingly, previous mutagenesis experiments targeting the obelin (cnidarian) active site have identified key residues involved in coelenterazine binding that are substituted in ctenophores [26, 27] . Some of the residues involved in stabilizing coelenterazine in obelin (Tyr138, His175, Trp179, Tyr190) and in generating or stabilizing the excited state (His22, Trp92) [26] are non-conservatively replaced in BfosPP. Most notably His175 is replaced by the non-hydrogen-bonding phenylalanine (Table 1) . When previous mutagenesis experiments in aequorin replaced the same histidine residue with alanine, phenylalnine or tryptophan, all luminescence activity was lost [28] . Thus replacement of this histidine in ctenophore photoproteins might be partly responsible for photoinactivation, since there is no residue available for hydrogen bonding with Tyr202 (numbered according to BfosPP) which stabilizes the 2-hydroperoxy group of bound coelenterazine, where decarboxylation occurs [26] . Even though previous experiments with aequorin reported loss of activity upon substitution of histidine, it is possible these experiments were not performed in the dark, and therefore loss of activity may have been due to subsequent photoinactivation. In addition to this single mutation, the overall hydrophobicity of the active site in ctenophores was calculated to be significantly less than cnidarians [9] . This increase in residues available for hydrogen bonding may also destabilize the binding of coelenterazine. However, we note that residues highlighted as forming the coelenterazine binding cavity (Fig. 3A) are based on only cnidarian photoprotein experiments. Further mutagenesis experiments must be completed on ctenophore photoproteins to better understand the mechanism of photoinactivation. Table 1 Amino acid residues involved in coelenterazine binding. Numbering of ctenophore residues according to alignment in Fig. 2 . Shaded residues have been identified in the active site of obelin and are non-conservative substitutions in ctenophores.
